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Abstract. For the ﬁrst time it was possible to investigate a
still poorly known region of the eastern Mediterranean Sea,
the Libyan continental margin. An oceanographic cruise,
performed during summer 2006, revealed an important and
novel feature: a dense vein ﬂowing along the continental
slope. The paper describes the vein evolution with some in-
sights on its dynamic and furnishes an estimate of its trans-
port, which results to be comparable with the Adriatic Deep
Water production rate. The cascading into a steep canyon
which incises the continental shelf suggests that the vein may
play an important role in ventilating the deep layers of the Io-
nian Sea.
Keywords. Oceanography: general (Continental shelf pro-
cesses) – Oceanography: physical (Currents; Hydrography)
1 Introduction
Sources of dense water formation are found mainly in the po-
lar regions or in proximity of enclosed seas where evapora-
tion contributes to increase the density of the resident water
masses, as is the case of the Mediterranean Sea. The de-
scent of dense water from the continental shelves into the
deep ocean over the continental slope is an important com-
ponent of the thermohaline circulation. In the Mediterranean
Sea several dense veins, ﬂowing along the continental mar-
gin, are known and largely investigated. Their role is of
primary importance for the thermohaline circulation of the
Mediterranean Sea and for the ventilation of the deep layers.
In the Adriatic Sea a dense vein, produced in the very shal-
low northern part, ﬂows along the Italian coast and reaches
the Ionian Sea where it sinks at great depths (1500–2000m
or more). In the Gulf of Lions coastal dense water is present,
whichreacheshigherdepthscascadingdownseveralcanyons
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along the continental slope (Canals et al., 2006). The main
purpose of this work is to show a further dense vein never de-
tected before, ﬂowing along the Libyan continental margin.
The thermohaline characteristics and the water mass cir-
culation along the Libyan coast are poorly known. The very
few available information permit only a coarse description
of the hydrographic conditions of the region. Some verti-
cal sections outside the continental margin (Guibout, 1987)
suggest that the region has a marginal role in the east-west
exchanges, with a small amount of Atlantic Water (AW) and
a scarce presence of salty intermediate water. In the deep
layer, close to the bottom, a colder and denser signature can
be observed during winter and summer.
The classical Mediterranean circulation schemes (Ovchin-
nikov, 1966) agree in indicating a prevalent anticyclonic cir-
culation, both in the surface and deep layers. From those
schemes few information can be deduced about the surface
path of the AW along the African coast, which generally
moves from west to east, as suggested by numerical simu-
lations (B´ eranger et al., 2005). The same model results agree
with classical features, showing an anticyclonic circulation
far from the coast, both for the surface and the sub-surface
layers.
The presence of a dense vein along the continental mar-
gin and its cascading towards deeper layers could play a cru-
cial role for the region and presumably for the entire eastern
Mediterraneancirculation, sinceitcontributestoventilatethe
deep Ionian Sea.
In the following, besides giving an overall description of
the region, we focalize our attention on this dense water vein,
which ﬂows along the continental margin. A description of
its characteristics in terms both of hydrography and of ve-
locity is developed. The physical dynamics of the vein and,
more speciﬁcally, its evolution considering the bottom stress,
the pressure gradient and the entrainment with the resident
water are investigated. An estimate of its transport is given
together with a discussion on its possible relevance in the
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Figure 1. (a) Sicily channel and western Ionian Sea. The rectangle delimits the investigated 
region; (b) detailed cruise map. Dots indicate the CTD and LADCP stations. The red line 
indicates the main trajectory of the vein. Roman numbers indicate the stations along the main 
trajectory. 
Fig. 1. (a) Sicily channel and western Ionian Sea. The rectangle
delimits the investigated region; (b) detailed cruise map. Dots indi-
cate the CTD and LADCP stations. The red line indicates the main
trajectory of the vein. Roman numbers indicate the stations along
the main trajectory.
Ionian and, more widely, in the eastern Mediterranean. Fi-
nally, hypothesis on its origin will be envisaged.
2 Data and methods
In August 2006, in the framework of the FAO MedSudMed
Project, an oceanographic survey has been carried out on the
western continental margin of the Libyan coast (Fig. 1a) on
board the CNR research vessel Urania. A detailed grid of
61 hydrographic proﬁles covered the region (Fig. 1b). In all
the hydrological stations, continuous vertical proﬁles of con-
ductivity, temperature, pressure and dissolved oxygen were
obtained from the surface to the bottom by means of a CTD
SBE 911 plus probe. The probe was calibrated before and af-
ter the cruise at the NURC (NATO Undersea Research Cen-
tre) in La Spezia, Italy. Simultaneous vertical proﬁles of hor-
izontal current have been acquired using a lowered ADCP
system (LADCP). All data have been processed using SBE
standard software for the hydrographic data, while currents
are computed applying the LDEO processing software, de-
veloped by Visbeck (2002).
3 Hydrographic characteristics of the region
The Libyan coast is generally smooth, while the bottom to-
pography along the continental margin is characterized by an
almost ﬂat region. The latter has a wide extension in the Gulf
of Syrta (approximately 80km), which slightly reduces mov-
ing westward (Fig. 1a), but signiﬁcantly expands towards
Tunisia. Along the continental margin several canyons can
be observed, with the most pronounced positioned in front
of Tripoli. These topographic characteristics are particularly
important because they intensely interact with the coastal
current, as we will discuss in the following. The horizontal
map of the salinity minimum (Smin) evidences a westward
intrusion of fresher water along the coast (Fig. 2a), with the
core at about 50–70m depth. Its presence is well deﬁned on
the western side, while it becomes very thin moving east-
ward. The Smin distribution evidences several fragmented
structures, suggesting the interaction between two different
water masses: the AW, moving eastward, and the Ionian Sur-
face Water (ISW), which moves in the opposite direction.
The salinity maximum (Smax), the signature of the LIW
core, shows values ranging from 38.92 to 38.71 (Fig. 2b).
The Smax is found below 200m in the deep region, while
along the continental shelf it is positioned at about 160–
180m, in agreement with the prevalence of an anticyclonic
circulation in the region. Its distribution appears more regu-
lar than that of Smin, even if some small structures may be ob-
served, probably due to topographic effects. Salinity clearly
decreases moving from east to west, conﬁrming a prevalent
westward spreading of LIW.
A major peculiarity of this region is observed below the
LIW layer, related to the presence of a low temperature
(Fig. 2c) along the continental slope (200–300m depth). In
the open sea, the same values (13.5–13.7◦C) are located sig-
niﬁcantly deeper (500–600m). An other feature is the high
salt content, with salinities generally above 38.73. Low
temperature, combined with high salinity, produces density
greater than 29.16, positioned along the continental margin.
Outside it the same density is found at greater depths, as
we can observe examining the displacement of the isopyc-
nal 29.165 (Fig. 2d). All these characteristics suggest the
presence of a dense vein, ﬂowing westward trapped along
the continental slope. A further characteristic of this water is
a higher oxygen content than the surrounding LIW.
4 Description of the vein
Typical vertical proﬁles of potential temperature (θ) (Fig. 3a)
in correspondence of two signiﬁcant positions along the vein
path (stations VI and X of Fig. 1b) show a progressive de-
crease of temperature from about 28◦C at the surface to
values lower than 13.6◦C near the bottom. The salt con-
tent (Fig. 3b) evidences the AW signature with a Smin at
about 75m. The successive increase reaches its maximum
(Smax=38.89) at about 180–200m (LIW core). Going deeper,
a peculiar structure can be observed. At station VI, both tem-
perature and salinity evidence a homogeneous bottom layer,
about 60–70m thick, with θ=13.56◦C and S=38.74. A simi-
larbehaviourcanbeobservedintheverticalproﬁleofdensity
(not shown), which reaches values close to 29.175. At station
X, located along the canyon, the vein signature is smoother,
due to the higher mixing along the slope. However, at greater
depth, θ and S maintain almost the same values observed at
station VI. Examining the structure of the horizontal velocity
(Fig. 3c), a jet shape in correspondence of the bottom layer
can be observed, with current speeds of about 6–8cm/s. This
jet moves following the topography: its direction is westward
in station VI, that is along the continental margin, while it is
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Fig. 2. Horizontal distribution of (a) minimum of Salinity (Smin); (b) maximum of Salinity (Smax); (c) minimum of Potential Temperature
(θmin); (d) depth of σθ=29.165. Grey contours indicate the bathymetry of the region.
opposite in station X, where the vein begins to sink down
to the canyon. Examining the hydrographic and dynamic
characteristics for each proﬁle, it was possible to select sta-
tions inside the vein and to track the vein trajectory (Fig. 1b).
After an almost straight path, a sudden turn is observed in
correspondence of 13◦ E (station IX), where a zonally ori-
ented canyon marks the continental margin. The vein can
not spread further westward and produces a cascade along
the canyon, due to its high density. A new equilibrium is
found at about 600–700m depth. Unluckily, the absence of
hydrographic proﬁles in the deeper region does not permit
to follow the complete sinking of the vein. However hydro-
graphic proﬁles, acquired in the Ionian interior during 2006,
locate σθ=29.175 in a depth range between 1000 and 1250m,
which should correspond to the expected depth reached by
the dense water vein in the Ionian basin.
With the available data we can describe the evolution of
the vein characteristics along approximately 350km (Fig. 4).
Following the along-stream axis of the vein (Fig. 1b), θ and
σθ show almost similar behaviours. Assuming the 29.16
isopycnal as the upper boundary of the vein, a detailed anal-
ysis of the evolution of its hydrographic characteristics evi-
dences two conditions. Firstly the vein ﬂows along the ﬂat
region and a weak increase of temperature and salinity is ob-
served, due to the mixing with the surrounding LIW. The
compensating effect of θ and S maintains an almost constant
σθ. Correspondently the oxygen distribution along the vein
evidences a progressive decrease from east to west, before
reaching the canyon. The thickness of the vein is stable at
approximately 70m. When the vein meets the topographic
discontinuity, itisnotabletomaintainthesamedepth, itssta-
bility is destroyed and it begins to sink. Remarkable modiﬁ-
cations, due to mixing and entrainment with the resident wa-
ter, appear evident when the vein reaches depths greater than
400m. Temperature and salinity slightly decrease, while the
vein thickness increase signiﬁcantly up to 200m at 700m
depth (station XIII).
The velocity ﬁeld (Fig. 3c) evidences a well organized pat-
tern trapped along the shelf break with a sudden change of
direction in correspondence of the canyon valley. Besides
these changes, its intensity maintains almost stable values,
ranging between 6 and 8cm/s.
From the available hydrographic data a mean vein width of
20km can be assumed in the ﬂat region, with a mean thick-
ness of 70m. Considering an average velocity of 7cm/s, its
transport can be estimated to have an order of magnitude of
0.1Sv, an amount which is comparable to the ADW outﬂow
rate from the Southern Adriatic (Manca et al., 2002). Going
to examine the historical data (Gibout, 1987), they clearly
evidence the presence of cold and dense water in the deep
basin (about 1000m depth) in front of Tripoli. This signa-
ture suggests that the vein detected during summer 2006 is
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Figure 3. Vertical structure of the vein in correspondence of stations VI and X of Figure 1b. 
(a) Potential Temperature, (b) Salinity, (c) Current Velocities. 
Fig. 3. Vertical structure of the vein in correspondence of stations
VI and X of Fig. 1b. (a) Potential Temperature, (b) Salinity, (c)
Current Velocities.
not episodic and conﬁrms its buoyancy equilibrium in the Io-
nian basin at about 1000–1250m depth, which correspond to
the transitional Eastern Mediterranean Deep Water layer.
5 Elements of vein dynamics
Starting from the pioneering work of Smith (1975), several
papers tried to describe the evolution of a dense vein along
its path. With regard to the Mediterranean Sea, important
studies have been developed for the Mediterranean outﬂow
at Gibraltar (Price et al., 1993; Baringer and Price, 1997).
Others considered the Eastern Outﬂow from Sicily (Astraldi
et al., 2001) and the Adriatic outﬂow from Otranto (Bignami
et al., 1990). All these investigations assume a stationary
condition for the vein and focalize their attention on the evo-
lution of some speciﬁc parameters along its path. The most
characterizing feature is the balance between the acceleration
due to the pressure gradient along the stream and the retard-
ing effect related to stress conditions, due to interactions with
the bottom and the entrainment of surrounding waters.
For this analysis we followed the formulation given by
Price et al. (1993). Considering a stationary situation, we
estimate the evolution of the pressure gradient along the vein
  14
 
Figure 4. Vertical section along the vein trajectory indicated in Figure 1b. (a) Potential 
Temperature; (b) Potential Density. 
 
Fig. 4. Vertical section along the vein trajectory indicated in Fig. 1b.
(a) Potential Temperature; (b) Potential Density.
path, together with the bottom and the entrainment stresses.
According to Price et al. (1993), the pressure gradient can be
written as Px=g[(1ρh)x+1ρdx], where g is the acceleration
of gravity, ρ is the density of the vein, d is the bottom depth
and the derivative x is taken along the vein path. The ﬁrst
term on the right-hand-side represent the pressure gradient
related to the density variation (baroclinic term), while the
second accounts for the depth variation (topographic term).
The pressure gradient is balanced by the stress terms. The
bottom stress, in its quadratic form, is τb=ρCDU2, where ρ
is the density near the bottom, CD=3×10−3 the bottom drag
coefﬁcient, U the vein velocity near the bottom. The en-
trainment stress can be expressed as τE=ρE∗(U-V)2 where
E∗ is the entrainment parameter, U is the average along-
vein ﬂuid velocity and V is the environment velocity. A pa-
rameter, which gives important information of the relevance
of the entrainment, is the Froude number F= U √
g0h
, where
g0=g1ρ/ρ0 is the reduced gravity. F is a typical hydraulic
parameter that gives a measure of vertical stability and indi-
cates whether the ﬂow is laminar or turbulent. Entrainment
is enhanced for F>1 and reduced for F<1.
Inourcasetheveininitiallyﬂowsalonganalmostconstant
depth and is mainly driven by the anticyclonic large scale cir-
culation. Even if its cascading begins after about 180km, we
examine its evolution along the entire path, in order to bet-
ter characterize its dynamics. The pressure force per unit
area along the direction of the ﬂow is estimated to vary from
very low values of about 0.2±0.1Pa, before the cascading
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into the canyon, to higher values during the sinking (about
1.4±0.7Pa). The along-stream slope of the bottom topogra-
phy is typical of a continental shelf between stations I and
IX (1.8×10−3), where also the rate of change of the layer
thickness is similar (1.2×10−3). After station IX the two
gradients increase signiﬁcantly, with the ﬂow crossing the
steeper continental slope, to values of about 4.2×10−3 and
2.7×10−3, respectively. The topographic component, almost
negligible when the vein does not change its depth, starts to
get signiﬁcant after the cascading of the vein. The baroclinic
term, which is related to the density gradient, is almost stable
in the ﬂat region and increases when the vein sinks. However
during the sinking the topographic term prevails.
The pressure force if unbalanced by a stress, would cause
the ﬂow to accelerate from about 8cm/s at station I above
the shelf to about 16.5cm/s at station XIII inside the canyon.
Since no such acceleration is observed, the retarding param-
eters are examined. The prevailing effect is due to the bottom
stress (0.02±0.01Pa), as conﬁrmed by the current decrease
close to the bottom (Fig. 3c) and the well mixed water inside
the vein, where vertically homogeneous temperature, salinity
and density are observed. To assess the entrainment param-
eter, several methods has been tried by different authors, ad-
dressing either mass or salt conservation (Baringer and Price,
1997; Turner, 1986). Generally for subcritical ﬂows, as is our
case (Froude number is always close to 0.4 or less), entrain-
ment is rather small. Nevertheless, the observed increase in
thickness of the vein might suggest a certain amount of en-
trainment. To estimate the entrainment stress, as a further
retarding parameter we use the estimates made by Astraldi
et al. (2001) for the Sicily Channel (E∗=10−4). The en-
trainment stress appears generally reduced: its mean value,
(9.3±4.6)×10−5 Pa, is about two orders of magnitude lower
than the mean bottom stress, suggesting that the accelerating
effect is principally balanced by the bottom stress along the
whole trajectory of the vein.
6 Conclusion and discussion
For the ﬁrst time a hydrographic survey has been carried out
on the western Libyan shelf in summer 2006. The few col-
lected data have evidenced a dense vein ﬂowing along the
continental margin and then cascading into a deep canyon
that incises the continental platform in front of Tripoli. The
hydrographic data permitted to describe the displacement
along the coast of typical Mediterranean waters (AW, ISW
and LIW) moving in opposite directions. Besides the pres-
enceofthesewellknownwatermasses, acoldanddensevein
was observed. The vein, never detected or foreseen before,
ﬂows along the continental slope at about 250–300m depth
and the investigated region corresponds to its ﬁnal journey
before it cascades. Its dynamic is generally slow (the speed
doesnotexceed10cm/s)withaweakentrainment, especially
whentheveinﬂowsabovethealmostconstantdepth. Theen-
trainment becomes signiﬁcant when the vein is forced to sink
at higher depths due to a topographic discontinuity and its
thickness increases from 70m to 200m. The bottom stress
has a prevailing effect, as evidenced by the current proﬁle
which shows reduced velocities near the bottom and the well
mixed vein interior.
The transport estimate of 0.1Sv suggests certain relevance
in the Ionian basin. If we consider a slow erosion of the vein,
due to the close contact with the surrounding LIW, and sev-
eral smaller valleys along the Libya continental slope which
probably are responsible for additional vein cascades along
the continental slope, the computed value might be under-
estimated. In any case it has the same order of magnitude
of the ADW production rate as reported by previous stud-
ies (Poulain et al., 1996; Manca et al., 2002). Considering
the stratiﬁcation in the Ionian Sea, the depth where the vein
shouldreachabuoyancyequilibriumisaround1000mdepth.
For these reasons the vein may have a role in determining the
characteristics of the layer below the LIW.
For what concerns its origin and its journey, the vein was
certainly produced at the surface along the African coast
as suggested by its oxygen content, which is low but even
higher than that of the surrounding water. It moves west-
ward, probably driven by the large scale circulation, which is
anticyclonic in this region. If we suppose a wintertime pro-
duction (i.e. February) and a constant velocity of 7cm/s, we
can estimate a journey of the order of 1000km, which corre-
spond roughly to the area off the frontier between Libya and
Egypt.
The paper shows the ﬁrst evidence of a novel Mediter-
ranean feature which could play a major role in the eastern
Mediterranean circulation, but more detailed and extended
investigations are necessary in order to better deﬁne the im-
portance of the dense vein, its interannual characteristics, its
origin and the length of its spreading path.
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